Taxol is one of the most successful drugs for the treatment of cancer because of its ability to target tubulin, block cell cycle progression at mitosis, and induce apoptosis. Despite the success of Taxol, the development of drug resistance hampers its clinical applicability. Herein we report that ␤-tubulin mutant, Taxol-resistant ovarian cancer cells exhibit defective mitotic response to Taxol, even at high concentrations that are sufficient to trigger apoptosis. This mitotic response-defective phenotype is independent of p53 status. We have found that survivin, the mitosis regulator and inhibitor of apoptosis protein, is deregulated in these Taxolresistant cancer cells; Taxol fails to induce survivin levels and survivin phosphorylation in these cells, in contrast to their parental drug-sensitive counterparts. Exogenous expression of wild-type survivin is able to restore the mitotic response of the resistant cells to Taxol treatment. On the other hand, exogenous expression of dominant-negative survivin abrogates the Taxol-induced mitotic response in drug-sensitive cancer cells. We have also found that overexpression of the mitotic kinase Cdk1, which phosphorylates survivin, is unable to restore the Taxol-induced mitotic response in the resistant cells. Our results show the importance of survivin for the mitotic response in the context of Taxol resistance and provide novel insights into the mechanisms of mitotic arrest and apoptosis induced by microtubule-targeting agents.
INTRODUCTION
Microtubules are essential components of the cytoskeleton and play a critical role in a variety of cellular processes including cell division, cell motility, intracellular trafficking, and cell shaping. Composed of ␣␤-tubulin heterodimers, microtubules are intrinsically dynamic polymers, and their dynamic property is crucial for the assembly of the mitotic spindle, the attachment of chromosomes to spindle microtubules, and the movement of chromosomes along the spindle (1) (2) (3) . Suppression of microtubule dynamics by microtubule-targeting drugs such as the Vinca alkaloids and taxanes can engage the mitotic spindle checkpoint, arresting cell cycle progression at mitosis and eventually leading to apoptosis (4, 5) .
Taxol is a complex diterpene derived from the Pacific yew tree Taxus brevifolia and binds to ␤-tubulin in a deep hydrophobic cleft near the luminal surface of microtubules (6, 7) . At relatively high concentrations, Taxol promotes microtubule polymerization and increases microtubule-polymer mass (8) . At lower concentrations (e.g., 1-10 nmol/L in HeLa cells), Taxol suppresses microtubule dynamics without significantly affecting polymer mass, retaining, however, its ability to induce mitotic arrest (9, 10) .
Taxol is one of the most effective chemotherapeutic drugs to date, used clinically for the treatment of many solid tumors including ovarian, breast, prostate and non-small-cell lung cancer, and its clinical indications continue to expand (11) . The applicability of Taxol has been seriously limited, however, by the development of drug resistance. The main mechanisms underlying Taxol resistance include defective intracellular drug accumulation mediated by overexpression of the drug efflux pump, P-glycoprotein (12) , and microtubule-related mechanisms such as mutations in the ␤-tubulin gene (13, 14) , differential expression of ␤-tubulin isotypes (15) , and altered microtubule dynamics (16) .
We have previously established a model of Taxol resistance consisting of a Taxol-sensitive human ovarian cancer cell line 1A9 and two Taxol-resistant derivative cell lines, namely PTX10 and PTX22 (13) . These two derivative cell lines are 25-fold resistant to Taxol because of acquired ␤-tubulin mutations in the Taxol-binding site. Despite the 25-fold resistance, these Taxol-resistant cells undergo apoptosis when treated with higher, physiologically relevant, concentrations of Taxol. Herein we report that unlike the parental 1A9 cells, these Taxol-resistant cells have defective mitotic response to even high concentrations of Taxol that are sufficient to induce apoptosis. We also show that the defective mitotic response to Taxol in the Taxol-resistant cells is mediated by the deregulation of the mitosis regulator and inhibitor of apoptosis protein survivin (17) . Our data show a previously unrecognized consequence of long-term exposure to Taxol and appreciate the importance of survivin in regulating cell division and cell survival in the presence of microtubule-targeting drugs.
MATERIALS AND METHODS

Materials.
Taxol and vinblastine (Sigma-Aldrich, St. Louis, MO), Taxotere (Aventis Pharmaceuticals, Bridgewater, NJ), and epothilone B (Novartis, New York, NY) were from the indicated sources. All drugs were prepared as 100 mmol/L stocks in DMSO and stored in aliquots at Ϫ80°C. The following antibodies were used: rabbit anticleaved caspase 9 (p37), mouse anti-p21 and rabbit anti-Cdk1 (Cell Signaling, Beverly, MA); rabbit anticleaved poly(ADPribose) polymerase (p85, Promega, Madison, WI); mouse anti-p53, rabbit antisurvivin and goat antiphosphorylated survivin (Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-␤-actin (Sigma-Aldrich); and rat anti-␣-tubulin (Chemicon, Temecula, CA). The following secondary antibodies were used: horseradish peroxidase-conjugated antirabbit and antimouse antibodies (Sigma-Aldrich), and rhodamine-conjugated antirat and fluorescein-conjugated antirabbit antibodies (Jackson ImmunoResearch, West Grove PA).
Cell Culture and Synchronization. The human ovarian carcinoma cell line 1A9 and its Taxol-resistant derivative cell lines were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere with 5% CO 2 /95% air. For experiments involving synchronization, cells were grown in culture medium containing 1% fetal bovine serum for 30 hours (serum starvation) and then replaced with medium containing 10% fetal bovine serum (serum add back). The percentage of cells in S phase at different time points after serum add back was determined with a 5-bromo-2Ј-doxyuridine (BrdUrd) labeling and detection kit (Roche Applied Science, Indianapolis, IN).
Flow Cytometry. Analysis of the cell cycle by fluorescence-activated cell sorting assay was done as described previously (18) . In brief, cells were centrifuged, washed twice with ice-cold PBS, and fixed in 70% ethanol at Ϫ20°C. Cells were resuspended in 30 L of phosphate/citrate buffer [0.2 mol/L Na 2 HPO 4 /0.1 mol/L citric acid (pH 7.5)] at room temperature for 30 minutes, and then incubated with propidium iodide (20 g/mL)/RNase A (20 g/mL) in PBS for 30 minutes. Samples were analyzed on a Coulter Elite flow cytometer (Beckman Coulter, Fullerton, CA).
Transient Transfection and Adenovirus Infection. Transient transfections were done with the Fugene 6 reagent (Roche Applied Science), as described previously (19) . The replication-deficient ␤-galactosidase and p53 adenoviruses were kind gifts from Dr. Bert Vogelstein (Johns Hopkins University) and amplified in low passage HEK293 cells. Adenovirus titers were determined by with an adenovirus titer kit (BD Biosciences, San Jose, CA). The multiplicity of infection was defined as the ratio of infectious units divided by the number of cells.
Time-Lapse Video Microscopy. We examined cells grown in 35-mm dishes with a Zeiss Axiovert microscope equipped with phase-contrast, using a 20ϫ objective (Zeiss, Thornwood, NY). A stage heater was used to maintain the temperature at 37 Ϯ 0.5°C. Images were taken with a Hamamatsu Orca II camera (Hamamatsu, Middlesex, NJ) every 4 minutes controlled by Metamorph image analysis software (Universal Imaging, Downingtown, PA).
Fluorescence Microscopy. Cellular survivin and microtubules were examined by immunofluorescence microscopy as described previously (20, 21) . In brief, cells grown on 12-mm glass coverslips were fixed with PHEMO buffer [68 mmol/L PIPES, 25 mmol/L HEPES, 15 mmol/L EGTA, 3 mmol/L MgCl 2 , 10% DMSO (pH 6.8)] containing 3.7% formaldehyde, 0.05% glutaraldehyde, and 0.5% Triton X-100 for 10 minutes at room temperature. Nonspecific sites were blocked by incubating with 10% goat serum in PBS for 10 minutes and processed for immunofluorescence staining with rat anti-␣-tubulin and rabbit antisurvivin antibodies. The secondary antibodies were rhodamine-conjugated antirat and fluorescein-conjugated antirabbit antibodies. We then mounted coverslips onto glass slides and examined them with a Zeiss axioplasm laser scanning confocal microscope using a Zeiss 100 ϫ 1.3 oil-immersion objective. For experiments involving quantification of mitotic and apoptotic cells, cells were stained with propidium iodide and the morphological changes in the nuclear chromatin of cells were then examined with a Zeiss Axiovert microscope.
Determination of Cdk1 Activity. Cdk1 activity was measured by the histone H1 kinase assay kit (Upstate Biotechnology, Lake Placid, NY). Briefly, cell lysates were prepared in 20 mmol/L Tris (pH 7.4), 200 mmol/L NaCl, 1% NP40 with protease inhibitor mixture (Roche Applied Science). The protein concentrations were determined by bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL). To immunoprecipitate Cdk1, cell lysate containing 100 g of total protein was incubated with Cdk1 antibody in excess and protein A/G-agarose beads at 4°C overnight. The Cdk1 immunoprecipitates were washed three times with the lysis buffer and then used for the histone H1 kinase assay.
Western Blotting. Proteins extracted from cells were resolved by SDS-PAGE and electrophoretically transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA). The membranes were blocked for 2 hours in Tris-buffered saline containing 0.2% Tween 20 and 5% fat-free dry milk, and then incubated first with primary antibodies and then horseradish peroxidaseconjugated secondary antibodies for 2 and 1 hour, respectively. Specific proteins were visualized with enhanced chemiluminescence detection reagent following the manufacturer's instructions (Pierce Biotechnology). The intensity of protein bands was determined by densitometric analysis with a Lynx video densitometer (Biological Vision, Inc., San Mateo, CA). Taxol obvious mitotic arrest was observed in PTX10 cells even after 48 hours of Taxol treatment. Figure 1D shows the percentages of mitotic and apoptotic cells in response to the treatment of Taxol (10 nmol/L for 1A9 and 250 nmol/L for PTX10). For example, almost complete mitotic arrest (82%) was observed in 1A9 after 24 hours of treatment with Taxol; in contrast, a very modest mitotic arrest (8%) was observed in PTX10 cells after Taxol treatment. Nevertheless, after 48 hours of treatment, 1A9 and PTX10 cells exhibited a similar extent of apoptosis, 61 and 67%, respectively.
RESULTS
High Concentrations of Taxol Induce Apoptosis in the Absence of Mitotic Arrest in
The lack of mitotic arrest before apoptosis in PTX10 cells was further confirmed by time-lapse video microscopy ( Fig. 2A) . In this experiment, living 1A9 and PTX10 cells were visualized in the presence of 10 and 250 nmol/L Taxol, respectively. An obvious mitotic arrest was observed in 1A9 cells (cells rounding up) as early as 120 minutes of drug treatment. In contrast, no mitotic arrest was observed in PTX10 cells even after 400 minutes of drug treatment. PTX10 cells exhibited apoptotic figures after 240 minutes of Taxol exposure whereas 1A9 cells underwent apoptosis clearly after mitotic arrest ( Fig. 2A) .
The Lack of Mitotic Arrest in PTX10 Cells Is Independent of p53 Status. The Taxol-resistant PTX10 cells have acquired a p53 point mutation, in addition to the acquired ␤-tubulin mutation (22) . Because p53 function has been implicated in the control of mitotic progression (23), we investigated whether the mutant p53 status contributed to the lack of mitotic arrest in PTX10 cells in response to Taxol. Thus, PTX10 cells were infected with p53 adenoviruses or control ␤-galactosidase viruses and then treated with 250 nmol/L of Taxol (Fig. 2B) . Exogenous expression of p53 resulted in a robust up-regulation of p21; however, it did not restore the ability of Taxol to induce mitotic arrest in these cells. When a similar experiment was
PTX10 Cells Undergo Very Transient Mitotic Arrest in Response to Taxol. To further investigate the molecular mechanism underlying the lack of Taxol-induced mitotic arrest in PTX10 cells, we synchronized cells by serum starvation and examined their cell cycle progression by BrdUrd incorporation assay. As shown in Fig.  3A , both 1A9 and PTX10 cells exhibited a peak of BrdUrd-positive cells 9.5 hours after serum add back indicating S phase, when cells are active in DNA synthesis. We asked at which stage of the cell cycle Taxol-induced apoptosis occurred, by treating cells with Taxol (10 nmol/L for 1A9 and 250 nmol/L for PTX10) at 4, 9.5, or 15 hours after serum add back. These time points correlated with G 1 , S, or G 2 phase of the cell cycle, respectively. As shown in Fig. 3B, 1A9 and PTX10 cells both showed the highest mitotic indices at 19 hours after serum add back, indicating mitosis. In addition, 1A9 and PTX10 cells treated with Taxol at any phase of the cell cycle (G 1 , S, or G 2 ) entered mitosis ( Fig. 3C and data not shown) .
However, whereas 1A9 cells exhibited a prolonged (Ͼ18 hours) mitotic arrest before apoptosis, PTX10 cells showed only a transient (Ͻ3 hours) mitotic arrest ( Fig. 3C and D) . The differential mitotic responses of 1A9 and PTX10 cells were also observed when higher concentrations of Taxol were used. For example, 1A9 cells remained able to arrest at mitosis for Ͼ15 hours in response to even 1 mol/L Taxol. However, PTX10 cells never exhibited mitotic arrest for Ͼ3 hours. These data collectively indicated that Taxol-induced apoptosis occurred after entry to mitosis in both 1A9 and PTX10 cells, regardless of the time they spent in mitosis. To examine whether the compromised mitotic response of PTX10 cells was Taxol specific or could apply to other drugs that induce mitotic arrest, we examined PTX10 mitotic response to additional microtubule inhibitors (Fig.  3D) . A similar pattern of transient mitotic arrest in PTX10 cells was observed after treatment with the microtubule-stabilizing drugs Taxotere and epothilone B and with the microtubule-destabilizing drug vinblastine (Fig. 3D ). In addition, another Taxol-resistant ovarian cancer cell line, PTX22, showed a pattern of transient mitotic arrest similar to that observed in the PTX10 cell line (data not shown). These results therefore suggested that the mitotic response was severely impaired in these Taxol-resistant ovarian cancer cells as compared with the parental Taxol-sensitive cells.
Deregulation of Survivin in Response to Taxol Treatment in the Taxol-Resistant Cancer Cells. To study the mechanism by which the Taxol-resistant cells exhibited defective mitotic response to Taxol, we investigated several major proteins involved in the control of mitotic progression, including the mitotic spindle checkpoint proteins Mad2, Bub1, and BubR1 (24) , and the mitosis regulator and inhibitor of apoptosis protein survivin (17) . There was no significant difference in Mad2, Bub1, and BubR1 protein levels between 1A9 and PTX10 cells (data not shown). Taxol, which is known to increase survivin levels (25) , failed to induce survivin in PTX10 cells compared with the robust induction observed in the parental 1A9 cells (Fig. 4) . For example, survivin expression was increased up to 7.4-fold in synchronized, Taxol-treated 1A9 cells. In contrast, there was no obvious increase in survivin level in PTX10 cells.
To examine whether in PTX10 cells the deregulation of survivin was attributable to incorrect intracellular localization, we stained cellular survivin and examined with confocal fluorescence microscopy (Fig. 5) . No difference was observed in survivin localization patterns between mitotic 1A9 and PTX10 cells. However, this experiment further showed a lack of survivin induction in PTX10 cells in response to Taxol treatment (Fig. 5) . 
Survivin Plays an Important Role in the Mitotic Response to
Taxol. To test whether the deregulation of survivin in the Taxolresistant cells contributed to their defective mitotic response to Taxol, we introduced exogenous wild-type survivin in PTX10 cells and examined the percentages of mitotic and apoptotic cells after Taxol treatment (Fig. 6A) . We found that exogenous expression of wild-type survivin restored the mitotic response of PTX10 cells to Taxol treatment (the peak mitotic arrest was 62% at 24 hours of Taxol treatment; Fig. 6A ). In contrast, expression of dominant-negative survivin had no effect on their mitotic response (Fig. 6A) . In addition, exogenous expression of wild-type survivin had no obvious effect on the Taxolinduced mitotic response in 1A9 cells (Fig. 6B) . However, when 1A9 cells were transfected with dominant-negative survivin, their mitotic response to Taxol was significantly suppressed to a level comparable with that observed in PTX10 cells (Fig. 6B) . We also observed that exogenous expression of survivin could enhance the mitotic arrest of PTX22 cells to Taxol treatment (data not shown). These results thus showed the importance of survivin in the control of mitotic response to Taxol treatment. We noticed that transfection of dominant-negative survivin did not significantly enhance the apoptotic response to Taxol in 1A9 and PTX10 cells (Fig. 6) , in contrast to the observation that survivin inhibition by small interfering RNA significantly increased Taxol-induced death in MCF-7 cells (26) . The difference in the two studies may be attributable to the use of different cell lines or methods for survivin inhibition. Alternatively, it may result from the different assays used for the examination of apoptosis.
The kinase activity of Cdk1 has been implicated recently in the regulation of survivin expression and cell viability (25) . Thus, we investigated whether Cdk1 also played a regulatory role upstream of survivin in the mitotic response of 1A9 and PTX10 cells to Taxol treatment. Our results revealed a sustained activation of Cdk1 in Taxol-treated 1A9 cells but only transient activation in PTX10 cells, consistent with the sustained mitotic arrest in 1A9 cells and transient mitotic arrest in PTX10 cells (Fig. 7A and B) . Phosphorylation of survivin on Thr 34 by Cdk1 was proposed to be critical for survivin stability (25) . To test whether the transient Cdk1 activation also affected survivin phosphorylation and function in PTX10 cells, we assessed phospho-Thr 34 survivin levels after Taxol treatment ( Fig. 7A  and C) . No induction in phospho-Thr 34 survivin was observed in Taxol-treated PTX10 cells. In contrast, Taxol treatment of 1A9 cells resulted in increased phospho-Thr 34 survivin levels ( Fig. 7A and C) . To test the significance of Cdk1 in the defective mitotic response of PTX10 cells, we introduced exogenous Cdk1 in PTX10 cells and examined the percentages of mitotic and apoptotic cells after Taxol treatment (Fig. 7D) . Interestingly, expression of Cdk1 had no significant effect on the mitotic response of PTX10 cells to Taxol (Fig. 7D) . Transfection of Cdk1 did not affect the mitotic response of 1A9 cells, either (Fig. 7E) . These results suggested that Cdk1 might play a minor role if any in the defective mitotic response of PTX10 cells to Taxol, although its activity was clearly required to prevent exit from Taxolinduced mitotic arrest. Fig. 3 . PTX10 cells undergo very transient mitotic arrest in response to Taxol. A, 1A9 and PTX10 cells were synchronized by serum starvation as described in Materials and Methods, and the percentage of cells in S phase after serum add back was determined by BrdUrd incorporation at the indicated time points. B, cells were synchronized by serum starvation, and the mitotic indices after serum add back were subsequently measured by DNA staining at the indicated time points. C, cells were synchronized by serum starvation, and 4 hours after serum add back, they were treated with 10 and 250 nmol/L Taxol, respectively. The mitotic indices were then measured at the indicated time points. D, 1A9 and PTX10 cells were processed as in C, and the duration of mitotic arrest in response to various microtubule-targeting drugs was measured by DNA staining. Fig. 4 . Deregulation of survivin in response to Taxol in PTX10 cells. A, survivin levels analyzed by Western blotting. 1A9 and PTX10 cells were synchronized by serum starvation, and 4 hours after serum add back, they were treated with 10 and 250 nmol/L Taxol respectively, for the indicated time. Actin was used as a loading control. B, fold increase of survivin in response to Taxol. Experiments were done as in A, and survivin levels were determined by densitometric analysis of the protein bands on Western blots.
DISCUSSION
Drug resistance is a major problem that hampers the long-term effectiveness of Taxol in cancer chemotherapy. In fact, the majority of cancer death is attributable to acquired drug resistance in the clinic. Thus, understanding of the molecular mechanisms contributing to drug resistance may provide us with the opportunity to develop more effective anticancer therapies. One of the mechanisms underlying Taxol resistance involves acquired ␤-tubulin mutations that interfere with drug-target binding. We have previously established a model of Taxol resistance by selecting the 1A9 human ovarian cancer cells with Taxol. As a result, two drug-resistant clones, PTX10 and PTX22, were obtained exhibiting 25-fold resistance attributable to acquired ␤-tubulin mutations in the Taxol-binding site (13) . In this study, we have shown that these Taxol-resistant cells undergo apoptosis when treated with higher, physiologically relevant Taxol concentrations, albeit without prior arrest in mitosis. In addition, we have found that the mitotic response of PTX10 cells to other microtubule-targeting drugs is also severely compromised, even in the absence of any cross-resistance (e.g., vinblastine), compared with the parental 1A9 cells. These results are very intriguing because the relationship between Taxol-induced mitotic arrest and apoptosis remains largely unknown (27) . Mitotic arrest may provide a "sensitive" state that prepares cells for subsequent apoptosis. Alternatively, mitotic arrest and apoptosis may represent two independent events that occur sequentially, resulting from the disruption of the normal physiologic balance of microtubule dynamics. Our results show that even in the absence of a robust mitotic arrest, PTX10 cells are perfectly capable of undergoing apoptosis when treated with Taxol and other microtubule inhibitors, supporting the latter model of a temporal association between mitotic arrest and apoptosis.
To understand the mechanism underlying the compromised mitotic response in PTX10 cells, we have examined the potential involvement of proteins important for mitotic progression. Among the proteins examined, survivin seems to be the one critically involved in this pathway. Survivin has attracted considerable attention over the past years because of its dual role in mitotic progression and apoptosis. Furthermore, this small protein (16 kilodaltons) is highly overexpressed in many types of cancer but nearly undetectable in normal differentiated adult tissues and thus seems to be a bona fide target for cancer-specific therapy (17) . At the cellular level, survivin is specifically expressed during the mitotic phase of the cell cycle (28) . It has been reported that the up-regulated expression of survivin in mitosis can be further induced by microtubule-targeting drugs in a dosedependent manner (25) . We have also found that Taxol can increase survivin expression in 1A9 cells, but not in the Taxol-resistant PTX10 cells even at high concentrations that not only compensate for the 25-fold resistance but also lead to cell death. Furthermore, exogenous expression of wild-type survivin is able to partially restore the mitotic response of PTX10 cells to Taxol, although this mitotic response is not as robust and sustained as in 1A9 cells. Interestingly, introduction of exogenous dominant-negative survivin in the parental 1A9 cells mimics the phenotype of PTX10 cells in terms of defective Taxolinduced mitotic response. Taken together, these results suggest that functional survivin is required for the effective mitotic response to Taxol. To investigate whether survivin gene mutation could account for the lack of survivin function in response to Taxol in PTX10 cells, we have sequenced survivin in both parental and resistant cells. In both cell lines, survivin gene sequence was identical with wild-type (data not shown), suggesting that survivin deregulation in PTX10 cells is not mediated by sequence alterations.
Our results suggest the involvement of survivin deregulation in mediating the compromised mitotic response to Taxol; however, at present we cannot rule out the involvement of deregulation of spindle checkpoint components in this process. The activities of many spindle checkpoint proteins are known to be regulated by phosphorylation, and a compromised spindle checkpoint often results in mitotic slippage. Thus, it is possible that deregulated spindle checkpoint components may also mediate the compromised mitotic response to Taxol in PTX10 cells, although there is no significant difference in the expression level of Mad2, Bub1, and BubR1 between 1A9 and PTX10 cells.
Sequential activation and inactivation of Cdk1 is required for cells to enter and exit mitosis, respectively. Cdk1-mediated phosphorylation of survivin on Thr 34 has been shown recently to be critical for survivin function and stability (25, 29) . We have shown that in the Taxol-resistant PTX10 cells, Cdk1 activity is only transiently activated by Taxol, coincident with the transient mitotic arrest. However, survivin phosphorylation on Thr 34 was undetectable in these cells. In addition, exogenous expression of Cdk1 is unable to restore the mitotic response of PTX10 cells to Taxol, in sharp contrast to the effects of exogenous expression of survivin in these cells. These data together indicate that the compromised mitotic response in PTX10 cells might mainly result from the deregulation of survivin, which cannot be restored by Cdk1 level or activity. It is possible that other mitotic kinases (e.g., Aurora and Polo kinase families) also contribute to the phosphorylation of survivin on Thr 34 and thus to its stability. Potential deregulation of these mitotic kinases may mediate the lack of survivin phosphorylation on Thr 34 in PTX10 cells, leading to a compromised mitotic response to Taxol. At present, the exact mechanism by which survivin deregulation occurs is not clear. Nevertheless, our data show that survivin deregulation occurs during the development of Taxol resistance and that functional survivin is critical for the mitotic response to Taxol treatment. Additional studies are warranted to examine whether survivin deregulation may be associated with the clinical resistance to Taxol. Fig. 7 . Exogenous expression of Cdk1 is unable to restore the mitotic response of PTX10 cells. A, 1A9 and PTX10 cells were synchronized by serum starvation, and 4 hours after serum add back, they were treated with 10 and 250 nmol/L Taxol, respectively. Cdk1 activity was measured by histone H1 kinase assay as described in Materials and Methods. A phospho-Thr 34 survivin antibody was used to measure survivin phosphorylation by Western blotting. B, fold activation of Cdk1 in response to Taxol. Experiments were done as in A, and Cdk1 activity was measured by densitometric analysis of the Western bands of phosphorylated H1. C, fold increase of phosphorylated survivin. Experiments were done as in A, and the levels of phosphorylated survivin were measured by densitometric analysis. D and E, PTX10 and 1A9 cells were transfected with a Cdk1-expressing plasmid or an empty vector, and 24 hours later, they were treated with 250 and 10 nmol/L Taxol, respectively. Percentages of mitotic and apoptotic cells were measured by DNA staining at the indicated time points after Taxol treatment.
